Background: The C-terminal tail of the HIV-1 envelope preferentially incorporates arginine over lysine despite the similar physicochemical properties of these two residues. Results: Conservative arginine to lysine substitutions impair HIV-1 Env functions and virus replication. Conclusion: Arginine conservation provides unique functions that cannot be provided by lysines. Significance: These observations conclusively demonstrate unique functional properties for the conserved arginine residues in mediating Env functional properties.
A previous study from our laboratory reported a preferential conservation of arginine relative to lysine in the C-terminal tail (CTT) of HIV-1 envelope (Env). Despite substantial overall sequence variation in the CTT, specific arginines are highly conserved in the lentivirus lytic peptide (LLP) motifs and are scarcely substituted by lysines, in contrast to gp120 and the ectodomain of gp41. However, to date, no explanation has been provided to explain the selective incorporation and conservation of arginines over lysines in these motifs. Herein, we address the functions in virus replication of the most conserved arginines by performing conservative mutations of arginine to lysine in the LLP1 and LLP2 motifs. The presence of lysine in place of arginine in the LLP1 motif resulted in significant impairment of Env expression and consequently virus replication kinetics, Env fusogenicity, and incorporation. By contrast, lysine exchanges in LLP2 only affected the level of Env incorporation and fusogenicity. Our findings demonstrate that the conservative lysine substitutions significantly affect Env functional properties indicating a unique functional role for the highly conserved arginines in the LLP motifs. These results provide for the first time a functional explanation to the preferred incorporation of arginine, relative to lysine, in the CTT of HIV-1 Env. We propose that these arginines may provide unique functions for Env interaction with viral or cellular cofactors that then influence overall Env functional properties.
Retrovirus envelope (Env) 2 proteins are important mediators of virus replication and immunogenicity. In the case of the len-tivirus HIV-1, the gp160 precursor is processed into two subunits, gp120 and gp41, that remain non-covalently associated. The gp120 protein interacts with the CD4 receptor of the target cells, mediating the first step of virus entry (1, 2) . Because of its exposure at the surface of the virus particle, gp120 is the target of most broadly neutralizing antibodies identified so far and thus represents a key protein in vaccine development (3, 4) . The gp41 protein sequences are more conserved than their counterpart gp120 proteins (5) , and similar to gp120, they are targeted by neutralizing antibodies, including the panel of well documented broadly neutralizing antibodies (reviewed in Refs. 6 and 7). The gp41 subunit comprises three regions: an ectodomain, a membrane-spanning domain (MSD), and a C-terminal tail (CTT) (Fig. 1A) . Despite the substantial overall sequence variation found in gp41, the CTT contains three lentivirus lytic peptides motifs called LLP2, LLP3, and LLP1 ( Fig. 1A) that are characterized by a high level of conservation of structural and physicochemical properties among HIV-1 strains and also among different lytic lentiviruses such as HIV-2, simian immunodeficiency virus, and equine infectious anemia virus (5, 8, 9) . LLP peptide analogs characteristically adopt an ␣-helical amphipathic structure in the presence of lipids (5, 10) , with LLP1 and LLP2 being further distinguished by their cationic properties.
Thorough examination of the positively charged residues in the CTT reveals that LLP1 and LLP2 preferentially incorporate arginines instead of lysines, with a marked conservation of arginines at specific residues, suggesting an important but undefined role for these arginines in LLP and Env structure and function (5) . Data from the UniProtKB/Swiss-Prot knowledgebase indicate that arginines are found in the LLPs at twice the frequency compared with average proteins. Compared with the arginines, lysines are observed on the average 3-fold less frequently in the LLPs as found in other proteins (5) . This discrepancy in the relative frequency of incorporation of arginine and lysine in the LLPs as compared with the average protein is relatively unexpected. Arginine and lysine are very similar in their physicochemical properties as both are positively charged polar amino acids of similar structure. The only structural difference between the two residues is the terminal guanidinium group on the side chain in arginine versus an amine group for lysine. In general, the similar charge and relative size of arginine and lysine allow for substitution of one for the other in diverse proteins. For example, the analysis of amino acid substitutions, based on natural evolution of a large sample of different proteins in specific cellular locations (i.e. extracellular, intracellular, or transmembrane), indicates that arginine preferentially exchanges with lysine, especially in transmembrane proteins (11, 12) . In the MSD of HIV-1 gp41, it was shown that a highly conserved arginine was functionally substituted by lysine (13) , further highlighting the interchangeability of arginine and lysine. Furthermore, alignment of different HIV-1 Env sequences indicate that arginines frequently exchange for lysines in gp120 ( Fig. 1C ) and in the ectodomain of gp41 ( Fig. 1D ), but not in the CTT (Fig. 1E ). In fact, 36% of the conserved arginines and lysines substitute for each other in gp120 as well as in the gp41 ectodomain, but this rate drops to 8% in the CTT. Taken together, these observations clearly demonstrate that arginine and lysine frequently substitute for each other without any loss of function, even within other domains of Env, thus raising questions about the basis for the preferred presence of arginines over lysines in the CTT.
Even though a significant number of published studies have now demonstrated the importance of the CTT in Env functional and structural properties, to our knowledge, no study has provided any functional explanation for the preferential selection and conservation of arginine in diverse LLP quasispecies. In the present study, to better understand the role of arginine conservation in LLP functions, we performed conservative lysine substitutions of selected conserved arginines. To this end, the most conserved arginines in LLP1 and LLP2 were mutated into lysines, preserving the ␣-helical amphipathic structure and the net positive charge of the LLP motifs. Surprisingly, the analysis of virus functions indicated that LLP1 and LLP2 motifs were markedly affected by these extremely conservative mutations. These results indicate that arginine and lysine are not functionally exchangeable in the CTT LLP domains and provide for the first time a rational explanation for preferential incorporation of arginines over lysines in the LLP motifs.
EXPERIMENTAL PROCEDURES
Alignment, Mutagenesis, and Cloning-Arginine and lysine frequencies in Env were analyzed in Geneious software using the 2011 HIV-1 and SIVcpz Env sequence alignment composed of over 3000 isolates, downloaded from the Los Alamos National Laboratory database. The same alignment was used to create the logo diagrams through WebLogo 3 website (14) . The arginine and lysine amino acids were considered as significantly substituting for each other when both represented a minimum of 10% of the alignment, at positions indicating the presence of an arginine or a lysine in the consensus sequence.
The nucleotide sequences containing the three LLP motifs from the 89.6 strain of HIV-1 were synthesized by Geneart (Invitrogen) to introduce specific point mutations. The LLP2 Lys2 mutant contains the following mutations to convert selected conserved arginines to lysines: G8528A and G8552A. The LLP1 Lys4 mutant contains the following mutations G8696A, G8726A, G8750A, G8756A. The third mutant contains all six mutations and is called LLP2/1 Lys6 . These mutations have been designed such that the overlapping reading frames are not affected. The wild type LLP motifs were removed from the pUC19 vector containing 89.6 wild type DNA using XhoI restriction sites surrounding the three LLP motifs. The synthesized mutated sequences were then extracted from the pMA vector from Geneart and inserted between XhoI restriction sites in the pUC19 vector containing the parental DNA. The resulting clones were then sequenced (Genewiz, South Plainfield, NJ) to confirm that these clones efficiently inserted the synthesized sequences in the correct orientation, with no additional mutations beyond the inserted substitutions.
Computational Modeling-A predictive analysis of the 89.6 LLP2 and LLP1 wild type and mutated peptides interaction with the cellular plasma membrane was performed using E(z)-3D software with default parameters (15, 16) .
Cell Culture, Transfection, and Virus Production-HEK293T/ 17 cells (ATCC, Manassas VA) and TZMbl cells (NIH AIDS Research and Reference Reagent Program, Germantown, MD) were maintained in DMEM (Invitrogen) supplemented with 10% FBS, 1% L-glutamine. CEMx174 cells (NIH AIDS Research and Reference Reagent Program) were maintained in RPMI 1640 (Invitrogen) supplemented with 10% FBS, 1% L-glutamine, 1% penicillin/streptomycin. TZMbl cells stably express the luciferase gene under the control of the HIV-1 promoter. HEK293T/17 cells were transfected with 2.5 g (6-well plate) or 6.25 g (T25 flask) of DNA using Lipofectamine LTX and Plus reagent according to the manufacturer's instructions (Invitrogen). Infectious HIV-1 89.6 virus was produced by transient transfection of HEK293T/17 cells with the plasmid pUC19 -89.6 wild type or mutated. Viral supernatant was retrieved 2 days after transfection and centrifuged at 663 ϫ g for 10 min at 4°C.
Virus Pelleting and Western Blotting-Three days following the transfection of HEK293T/17 cells in the T25 flask, the viral supernatants were collected and centrifuged at 663 ϫ g for 10 min at 4°C and then ultracentrifuged at 18,500 ϫ g for 2 h at 4°C. The viral pellet was then resuspended in MOPS and NuPAGE SDS-PAGE buffer, heated for 10 min at 70°C, and loaded onto NuPAGE 4 -12% bis-tris gel (Invitrogen). Gels were electrophoresed for 50 min at 200 volts followed by transfer on PVDF membrane using the iBlot system (Invitrogen). After transfer, the membranes were cut to allow separate staining of the proteins and were blocked for at least 1 h in 5% blotto. The viral proteins were stained overnight at 4°C under agitation using mouse monoclonal anti-p24 antibody AG3 diluted 1/250 (NIH AIDS Research and Reference Reagent Program), rabbit polyclonal anti-gp120 antibody diluted 1/500 (Advanced Biotechnologies Inc., Columbia, MD), or purified immunoglobulin from HIV-infected patients diluted 1/7500 (HIV-IG, NIH AIDS Research and Reference Reagent Program). The membranes were then washed three times for 10 min using 1ϫ PBS, 0.025% Tween 20, followed by a 1-h incubation at room temperature with appropriate secondary antibodies (anti-rab-bit IgG, anti-mouse IgG, or anti-human IgG coupled to horseradish peroxidase, Sigma). The membranes were then washed three times for 10 min using 1ϫ PBS, 0.025% Tween 20 with the gp120 membrane receiving an additional wash in 1ϫ PBS, 0.1% Triton X-100, followed by exposure using SuperSignal West Pico Chemiluminescent Substrate kit (Thermo Scientific, Waltham, MA). The proteins were visualized using CL-Xposure film (Thermo Scientific).
Western Blot Quantitation-The pelleted viral proteins were quantified by densitometry analysis. For each protein of interest, x-ray exposures were scanned and analyzed using ImageJ (NIH). The gp120 or gp41 bands were selected and the respective integrated area under the densitometry curve was normalized to that of the p24 protein in the corresponding sample to yield the ratio of incorporated Env. This was repeated in three independent experiments, and the results averaged to yield the overall percent of incorporated Env.
Virus Replication Kinetics and Infectivity-A sample of 1 ϫ 10 4 CEMx174 cells was infected in a 96-well plate with equal amounts of p24 of WT or mutated virus particles, corresponding to a 0.1 multiplicity of infection of the wild type virus. Every 3 days, starting at 3 days post-infection, one-half of the viral supernatant was collected for each point and replaced by the same volume of warm fresh media. The viral supernatants were stored at Ϫ80°C until the end of the experiment. The amount of virus produced from infected cells was determined by quantifying the p24 antigen concentration in the supernatant using HIV-1 p24 antigen capture kit (SAIC, Frederick, MD). Mock infected cell supernatants were used as negative controls in all assays. For the infectivity assay, 2.5 ϫ 10 4 TZMbl cells were plated in a 96-well plate, allowed to adhere for 6 h, and infected overnight at 37°C with equal amounts of p24 of WT or mutated virus particles, corresponding to 0.1 multiplicity of infection of the wild type virus. Twelve hours post-infection the media was changed, followed by an additional 36-h incubation before reading the luciferase activity.
Cellular FACS Analysis-A sample of 1 ϫ 10 5 CEMx174 cells was infected for 1 h at 37°C with equal amounts of p24 of WT or mutated virus particles, corresponding to 0.1 multiplicity of infection of the wild type virus. Infected cells were then transferred in a 6-well plate. Every 3 days, 2 ml of the media was replaced by the same volume of warm fresh media. Nine days post-infection the cells were harvested and washed twice with FACS wash buffer (5% human serum diluted in 1ϫ PBS) at 4°C prior antibody staining. For total Env expression analysis, cells were fixed with 2% methanol-free formaldehyde for 30 min on ice, washed twice with FACS wash buffer, and permeabilized using warm Perm buffer (5% FBS, 0.5% saponin in 1ϫ PBS) for 15 min at room temperature prior to antibody staining. Reference monoclonal antibody SAR1 was labeled immediately prior to staining using a Zenon labeling kit (Invitrogen) following the manufacturer's instruction. Cells were stained for 30 min on ice with the antibody-zenon complex and p24-FITC antibody (KC57-FITC, Beckman Coulter, Brea, CA). For cell surface Env analysis, cells were stained with the antibody-zenon complex prior to any fixation or permeabilization. Following three washes with FACS buffer, cells were fixed with 2% methanolfree formaldehyde for 30 min on ice, washed twice with FACS wash buffer, and permeabilized using warm Perm buffer for 15 min at room temperature prior to p24-FITC antibody staining for 30 min, on ice. All the cells were then washed three times with ice-cold Perm buffer, and then resuspended in 2% methanol-free formaldehyde. p24-FITC and Zenon Alexa Fluor 647 fluorescence were analyzed using FACSAria (BD Biosciences). Only p24-positive cells were used for analysis of Env-AF647 fluorescence, except for the mock sample for which the same number as the maximum number of events was analyzed. The SAR1 hybridoma was a kind gift from Dr. Nigel Dimmock (University of Warwick, UK).
Fusogenicity Assay-The fusogenicity assay was adapted from previously published studies (17) (18) (19) (20) (21) . The day prior to the fusogenicity assay, 2 ϫ 10 4 TZMbl cells were plated in a 96-well plate. HEK293T/17 cells were transfected with pUC19 -89.6 wild type or mutated DNA in a 6-well plate, and after 24 h the transfected cells were harvested using 1ϫ citric saline for 4 min at 37°C and diluted with 1 volume of 1ϫ PBS. The transfected cells were washed once with media and then resuspended in 1 ml of media. The supernatant from the transfected cells was also harvested as a control and centrifuged at 663 ϫ g for 10 min at 4°C. A 100-l sample of transfected HEK293T/17 donor cells or cell-free viral supernatant, supplemented with 10 M AZT, was added to the monolayer of target TZMbl cells that were pre-treated for 2 h with 10 M AZT. Donor and target cells were incubated for 6 h at 37°C before reading the luciferase activity as a measure of cell-cell fusion. To normalize the luciferase activity, half of the cells were analyzed by FACS using IgG1b12 antibody to quantify Env expression at the cell surface, as described above. The luciferase activity was then normalized to the percentage of IgG1b12 positive cells. The normalized luciferase activity is expressed as relative luciferase units (RLUs) per g of protein in the cell lysate after protein quantification using a Bio-Rad DC Protein Assay Kit.
Standard Neutralization Assay and Luciferase Analysis-A sample of 2.5 ϫ 10 4 TZMbl cells were plated in a 96-well plate and allowed to adhere for 6 h. Test virus stocks were diluted such that the resulting luciferase activity was at least 1.5 ϫ 10 5 RLUs and 10 times higher than the background, as recommended by the Los Alamos database protocol for neutralizing antibody assay, and equivalent between WT and mutated viruses. Prior to viral infection of the cells, virus dilutions were mixed with the indicated concentrations of reference antibodies in a U-bottom 96-well plate and incubated for 1 h at 37°C. Untreated and antibody-treated virus samples were then incubated with target cells overnight at 37°C. Media were changed 12 h following the infection and incubated for an additional 36 h before luciferase reading. Forty eight hours post-infection the cells were lysed with 50 l of cell culture lysis reagent, and luciferase activity was read using the luciferase assay system according to the manufacturer's instructions (Promega, Madison, WI) using an Orion microplate luminometer (Berthold, Oak Ridge, TN).
Statistical Analyses and Calculations-p values were determined using unpaired parametric Student's t test on Prism 6.0a for Mac (GraphPad Prism software, San Diego, CA). NC50 were calculated by performing a non-linear regression curve fit interpolation analysis on Prism 6.0a for Mac (GraphPad Prism).
RESULTS

Design of the LLP Arginine to Lysine
Mutations-To evaluate the conservation of amino acids in the LLP regions of HIV-1 CTT, constructed alignments between Env protein sequences representing HIV-1 and simian immunodeficiency virus-1 strains were downloaded from the LANL database and analyzed using Geneious software. The alignment clearly indicated that specific arginines were highly conserved among the different isolates. In fact, based on the HIV-1 89.6 strain sequence, arginines at positions 772 and 780 in LLP2 were present in 95 and 97% of the sequences, respectively, whereas in LLP1 arginines at positions 828, 838, 846, and 848 occurred at a rate of 97, 97, 98, and 99%, respectively, within over 3000 isolates. Based on this alignment, the most conserved arginines from the LLP motifs were selected for mutation. Thus, two arginines in LLP2 and four arginines in LLP1 were mutated into lysines to conserve LLP cationic properties. The specific mutations are depicted in Fig. 1B . Three mutants were constructed containing mutations in LLP2 (LLP2 Lys2 ), LLP1 (LLP1 Lys4 ), or both (LLP2/ 1 Lys6 ). These mutations did not affect the overall net charge and predicted amphipathic structure of the LLP motifs and hence allowed for specific analyses of a unique function of conserved LLP arginines in the virus life cycle.
Predictive Modeling of LLP Peptides Interaction with the Plasma Membrane-The three LLP motifs of the CTT of gp41 have been suggested to interact with the plasma membrane (9, (22) (23) (24) (25) (26) (27) (28) , although the depth and orientation of their insertion inside the phospholipid bilayer has not been described.
Recently the computational modeling of the E z potential has been described as the ability of peptides to insert into lipid membranes (15, 16) . The E z potential is empirically determined using a computational-based method that relies on the peptide length as well as the amino acid composition and frequency of the peptide sequence. It allows a prediction of the ability, depth, and orientation of transmembrane protein insertion inside a lipid bilayer such as the plasma membrane. Thus, we used this modeling method to compare the predicted association of the wild type and mutated LLP2 and LLP1 motifs with the lipid bilayer of the plasma membrane. Because of the size of the gp41 protein, only the LLP peptides were analyzed. Similar to previ-FIGURE 1. Representation of the CTT mutations and amino acids conservation. A, schematic representation of gp41 from the 89.6 virus strain of HIV-1. The gp41 subunit is divided into three main parts: an ectodomain, a MSD, and a CTT. The residue numbering is based on the gp160 protein. gp120 subunit is not represented. FP, fusion peptide; MPER, membrane proximal external region; KE, Kennedy epitope. B, the most conserved LLP arginines were mutated into lysines. Three mutants were constructed containing two mutations in LLP2 (LLP2 Lys2 ), four mutations in LLP1 (LLP1 Lys4 ), and the third mutant contains all six mutations (LLP2/1 Lys6 ). C-E, logo diagrams representing the relative frequency (y axis) for each amino acid of selected representative regions of gp120 (C), the ectodomain of gp41 (D), and LLP1 (E). Below each logo diagram are represented the percentages of arginine or lysine residue frequencies in the alignment at the indicated position.
ous observations of the LLP motifs (5), the LLP2 and LLP1 peptides, WT and mutated, are all predicted to adopt a helical conformation in association with the plasma membrane (Fig.  2) . Furthermore, the arginine to lysine mutations do not significantly alter the predicted peptide association with the membrane for both LLP2 and LLP1. Although these predicted structures are in the context of only the LLP sequences and not the entire gp41 sequence, the initial data suggest that lysine substitutions would not be expected to markedly change either the LLP1 and LLP2 peptide interactions with the lipid bilayer or the adopted helical conformation. These predictive structural analyses also emphasize the extremely conservative characteristics of these arginine to lysine mutations and further stress the need for an experimental approach to determine the properties of lysine substituted Env proteins.
Virus Replication Kinetics and Infectivity-To assess whether the arginine to lysine mutations in the LLP motifs affect virus replication properties, a multiround infection assay was used to compare wild type and mutant virus replication. CEMx174 cells were infected with WT or mutated viruses for 21 days. Starting at 3 days post-infection, viral supernatant was collected every 3 days, and the p24 concentrations in the cell-free viral supernatants were quantified. As shown in Fig. 3 , the replication kinetics of the WT virus reached a peak at 9 days post-infection and remained stable beyond that time point. The LLP2 Lys2 -mutated virus displayed similar replication kinetics and levels compared with the WT virus. In marked contrast, the LLP1 Lys4 and LLP2/ 1 Lys6 mutated viruses were significantly impaired, as supernatant p24 levels continuously decreased starting at 6 days postinfection. Thus the virus replication kinetics were affected by arginine to lysine mutations in the LLP1 region, but not in the LLP2 motif. These results indicated that the conserved arginines in the LLP1 region are critical to virus replication, with arginine providing a unique function that cannot be replaced by substituted lysines.
To understand further the mechanism of the replication defect, the virion infectivity of the LLP mutants and wild type virus were compared in a single round infectivity assay. To this end, TZMbl cells were infected with WT or mutated viruses, and the luciferase activity was determined at 48 h post-infection. The results, shown in Fig. 4 , indicate that the LLP2 Lys2 mutant is equally infectious as the WT virus. In contrast, the LLP1 Lys4 and LLP2/1 Lys6 mutants display a significantly impaired infectivity with a residual infectivity of 8 and 2%, respectively, in comparison to the WT virion. Thus, as observed for the replication kinetics, virus infectivity was affected by mutations in the LLP1 motif, but not in the LLP2 region. These results confirm that the conserved arginines in the LLP1 motif are of importance to maintain the virus infectivity at a wild type level, whereas the presence of positively charged lysines is sufficient in LLP2.
Envelope Incorporation-We then sought to determine whether the levels of Env incorporation into virus particles were affected by arginine to lysine mutations. To this end, HEK293T/17 cells were transfected with DNA encoding WT or mutated viruses. Three days following the transfection, the respective viral supernatants were retrieved, pelleted, and analyzed by Western blot with gp120-and p24-specific antibodies or purified immunoglobulin from HIV-infected patients (HIV-IG). Using ImageJ software to analyze the resultant immunoblots, the gp120 and gp41 protein expressions were quantified and normalized to the apparent p24 protein expression. The results indicate that 53% of gp120 ( Fig. 5A ) and 65% of gp41 ( Fig. 5B) were incorporated in the LLP2 Lys2 -mutated virus, whereas only 16 and 11% of gp120 ( Fig. 5A ) and 44 and 37% of gp41 (Fig. 5B) were incorporated in the LLP1 Lys4 and LLP2/ 1 Lys6 mutants, respectively. Hence, arginine to lysine mutations in the LLP2 and LLP1 motifs were associated with a lower Env incorporation in virions, with the decrease being 3-fold (gp120) and 1.5-fold (gp41) greater with LLP1 Lys4 and 5-fold (gp120) and 2-fold (gp41) greater with LLP2/1 Lys6 mutations, compared with the LLP2 Lys2 mutants.
Expression of Env at the Cell Surface-We next examined the levels and distribution of WT and mutated Env expression in physiologically relevant cells that are non-permissive to CTT deletion mutants. Thus, CEMx174 cells were infected with WT or mutated viruses in a multiround infection assay. Based on previous data on viral replication kinetics, the infections were stopped at 9 days post-infection, the time of maximal viral protein production (Fig. 3) . The infected cells were then analyzed for Env protein expression at the cell surface and normalized to the total Env expression (both the cell surface and the cytoplasm) in p24-positive cells. The results indicate that 23 and 22% of cells were infected by WT and LLP2 Lys2 -mutated viruses, respectively, whereas this rate dropped to 1 and 0.8% in the presence of LLP1 Lys4 -and LLP2/1 Lys6 -mutated viruses, respectively. Due to the impaired virus infectivity, the expression of Env LLP1 Lys4 and LLP2/1 Lys6 appeared to be decreased both in total Env staining and in cell surface staining (Fig. 6A) . Approximately 8 to 13% of the cells expressed both p24 and WT or LLP2 Lys2 Env, whereas in the case of LLP1 Lys4 and LLP2/1 Lys6 Env, this proportion dropped to below 1% of p24 and Env positive cells (Fig. 6A) . However, the ratio analysis of the mean fluorescence intensity indicated that the cell surface relative to total Env expression was decreased by 40 and 48% with the LLP1 Lys4 and LLP2/1 Lys6 mutants, respectively, in comparison to the WT cells (Fig. 6B) . In contrast, the percentage of Env and p24 positive cells in LLP2 Lys2 virus-infected cells was only about 25% different from the level observed in cells infected with WT virus (Fig. 6B) . Furthermore, the analysis of Env expression per infected cell, determined by calculating the ratio of the percentage of Env positive cells normalized to the percentage of p24 expressing cells, indicate that the expression levels of LLP1 Lys4 decreased by 90% at the cell surface and 80% in the total Env staining relative to the WT Env expression ( Fig. 6C) . Similarly the staining of LLP2/1 Lys6 was reduced by 95% at the cell surface and 70% in the total staining. In contrast LLP2 Lys2 Env staining was reduced by only 35% at the cell surface and 10% in the total staining by comparison to the wild type (Fig. 6C) . These results indicated that arginines in the LLP1 motif were critical to maintain Env expression at the cell surface and intracellularly and that lysine was unable to replace this critical function completely.
Env-mediated Cell-to-Cell Fusion-We previously reported that non-conservative LLP mutations altered the cell-to-cell fusogenicity properties of Env containing LLP sequences in which arginines were changed to glutamate residues, even when virion-cell fusogenicity was unaltered by the LLP mutations (29, 30) . Therefore, we next assayed the ability of lysinemutated Env, expressed at the cell surface, to mediate cell-tocell fusion in a fusogenicity assay. To this end, transfected donor HEK293T/17 cells and target TZMbl cells were co-cultivated for 6 h at 37°C, at which time the luciferase activity was measured to assess cell-cell fusion levels. As the donor cells were transfected with DNA encoding the virus, the target cells were treated with AZT to prevent interference by luciferase activation due to the virus-to-cell fusion. Thus, the cell-free supernatant of transfected HEK293T/17 cells was added to the target TZMbl cells as a control. As expected, the virus produced from the donor cells did not activate the luciferase gene in the target cells (Fig. 7A) , indicating a lack of detectable virion-cell MARCH 14, 2014 • VOLUME 289 • NUMBER 11
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fusion under the experimental conditions. Comparison of the specific cell-cell fusogenicity data presented in Fig. 7B clearly indicates a reduction in cell-cell fusogenicity of all of the LLP mutants compared with WT virus. Specifically, the LLP2 Lys2 mutant displayed 56% of the cell-cell fusion activity compared with WT, whereas the LLP1 Lys4 and LLP2/1 Lys6 both displayed FIGURE 6. Expression of Env at the cell surface and in the cells. CEMx174 cells were infected with equal amounts of p24 of WT or mutated viruses. At 9 days post-infection the cells were stained with SAR1 anti-Env antibodies and then permeabilized for p24 staining (cell surface Env analysis) or permeabilized prior staining with both SAR1 anti-Env and anti-p24 antibodies (total Env analysis). Data represent two independent experiments. Statistical analyses were performed for the mutated relative to the wild type Env (ns, non significant; *, p Ͻ 0.05). A, percentage of Env expression in p24-positive cells. Gated live cells were analyzed for the percentages of p24-positive and cell surface or the total Env positive population for each mutant, indicated on the y axis. The corresponding percentage data are shown in the table below and represent the average of two independent experiments. B, mean fluorescence intensity of Env positive cells expressed at the cell surface normalized to the mean fluorescence intensity of Env expressed in the cells. Corresponding mean fluorescence intensity data are shown in the table below and represent the average of two independent experiments. C, relative expression of Env per infected cells. The percentage of cell surface or total Env positive cells was normalized to the percentage of p24 positive cells. The data represent the average of two independent experiments. ϳ26% of the WT Env fusion activity. Thus, these data again demonstrate a unique role for the conserved LLP arginines, in contrast to substituted lysines, in the ability of cell surface Env to mediate fusion with other cells.
The LLP2 Motif and Env Conformation-Previous studies have shown that deletions or mutations in the gp41 C-terminal tail can alter antigenicity of the Env protein, presumably reflecting changes caused by the CTT mutations in the conformation of gp120 and the gp41 ectodomain (29 -36)(for review see Ref. 7) . Importantly, replacement of arginines from the LLP2 motif by negatively charged glutamate is associated with an increased resistance of the virus to neutralization by various reference broadly neutralizing antibodies without affecting virus infectivity and replication kinetics (32) . To determine whether the conservative arginine to lysine mutations in LLP2 Lys2 would affect Env conformation and epitope exposure at the surface of the virus, neutralization assays were performed with a panel of reference broadly neutralizing antibodies. Due to the low infectivity titers of LLP1 Lys4 and LLP2/1 Lys6 viruses, these two mutants could not be analyzed in this experiment. A summary of the NC 50 for each antibody with WT and LLP2 Lys2 viruses is shown in Table 1 . The results, shown in Fig. 8 , demonstrate that all the tested antibodies similarly neutralized the WT and LLP2 Lys2 mutant viruses. The least neutralizing antibody was HIV Ig (Fig.  8E ) (NC 50 ϭ 206.8 and 184.9 ng/l with the WT and LLP2 Lys2 mutant, respectively ( Table 1) ), whereas PGT128 was the most efficient neutralizing antibody ( Fig. 8G ) (NC 50 ϭ 0.02 and 0.013 ng/l with WT and LLP2 Lys2 mutant, respectively ( Table 1) ). As expected human IgG1 did not neutralize the viruses (Fig.  8H) . Hence, the presence of lysines in place of arginines in the LLP2 domain did not cause apparent changes in Env antigenicity, presumably reflecting a conservation of Env conformation and epitope exposure in the lysine-substituted mutants.
DISCUSSION
The present study was designed to evaluate the functional equivalence of lysine residues substituted for highly conserved arginines identified in the LLP sequences of HIV-1 Env. Lysine substitutions of the selected conserved arginines maintained similar physicochemical and predicted conformational properties, differing only in the presence of a side chain containing either a positively charged amino (lysine) or guanidinium (arginine) group. The results of these studies demonstrate for the first time that conservative lysine substitutions of highly con- served arginines in LLP domains can markedly alter Env functional properties, indicating a unique functional role for these LLP arginines. Specifically, we showed that the most conserved arginines in the LLP1 motif were necessary to Env fusogenicity and to retain a correct Env expression and consequently Env incorporation, virus replication kinetics, and infectivity. Maintenance of a net positive charge through lysine substitutions did not preserve the arginine-associated LLP1 functions. In contrast, arginine to lysine substitutions in the LLP2 region affected only Env incorporation and cell-to-cell fusogenicity. Env expression, virus replication kinetics, and infectivity, as well as the virus neutralization were similar between the WTand LLP2 Lys2 -mutated viruses. Although similar to lysine in structure and charge, arginine contains a guanidinium group on the side chain that can participate in more hydrogen bonds than the single amino group of lysine (37, 38) . Based on these basic parameters, the inability of lysine to substitute completely for arginine in LLP functions may be attributed to alterations in the interactions of the LLP sequences with membrane lipids or with protein cofactors, viral or cellular. Each of these potential interactions is discussed below.
Peptide analogs of HIV-1 LLP domains have been shown to associate rapidly in vitro with lipid vesicles, and reductions in LLP-positive charge can markedly reduce LLP binding to and disruption of lipid membranes (39 -41) . Interestingly, simulation studies indicate that arginines and lysines interact distinctly with lipid membranes, resulting in enhanced binding and membrane perturbation of arginines with the lipid bilayer compared with lysines (42, 43) . To assess the role of conserved LLP arginines in mediating interactions with membrane lipids, we computationally modeled the predicted association of membrane lipids with WT and lysine-substituted LLP1 and LLP2 sequences. However, the lipid membrane modeling did not predict alterations in the membrane lipid interaction, or in the adopted helical conformation for the arginine to lysine mutant sequences, suggesting that the changes in Env functional properties cannot be readily correlated with changes in calculated structure and LLP-membrane lipid associations caused by lysine substitutions of conserved arginine residues.
A recent study by Tristram-Nagle and colleagues (41) found that LLP2 peptide analogs, regardless of sequence, bound to and altered the structure of membranes that mimicked the lipid content of the T lymphocytes, but the same peptides bound only weakly to HIV virion membrane mimics without altering the membrane structure. Their findings provide a framework with which to consider the current results as it may explain that the Env conformation and virus neutralization are not affected by LLP2 mutations. Initially, these results are difficult to reconcile with previous experiments showing that CTT modifications impair gp120 and gp41 ectodomain conformations (32, 35) , but it is plausible that the non-conservative mutations and CTT deletions performed in these previous studies impair Env oligomerization (44, 45) or Env-Gag interaction (46, 47) , rather than interaction with viral membrane, in contrast to the more conservative arginine to lysine substitutions performed in the present study.
Furthermore, the cell-to-cell fusogenicity assay reveals a defect for the three LLP mutants, suggesting a common mechanism such as impaired stability of the interaction between gp120 and gp41 (48) and/or of the trimer, as shown in the case of simian immunodeficiency virus (49) , as well as impaired oligomerization (44, 45) . However, it is not clear how these defects would spare LLP2 Lys2 virus infectivity relative to cell-to-cell fusogenicity. Alternatively, impaired transitional conformational changes of Env occurring during the fusion process could contribute to these defects. As cell-to-cell and virus-to-cell fusions are two different phenomena (50, 51) , it is possible that the Env conformational changes involved in these processes are also different and that the LLP2 Lys2 mutations affect Env conformational changes during cell-to-cell fusion but not during virus-to-cell fusion. The question of how two point mutations significantly alter Env-mediated cell-to-cell fusogenicity without apparent effect on viral infectivity (which is also an Envdriven process) has been refractory to mutagenesis studies. Based on the study by Tristram-Nagle and colleagues (41) it is possible that mutations in LLP2 do not affect viral infectivity because the LLP2 region interacts only weakly with the viral membrane, regardless of the LLP2 sequence. In the context of the cell membrane, the LLP2 sequence has a profound effect on its interaction with the lipid membrane, with non-conservative glutamate substitutions causing large changes in the measured membrane structural and mechanical parameters (41). This differential interaction of LLP2 with viral and cellular membranes could contribute to the observed phenotypic differences of the current LLP2 mutations on Env conformational changes in cell-to-cell relative to virus-to-cell fusion. Given that we observed no effect of lysine substitution on the calculated interaction of the LLP2 and LLP1 peptides with the membrane, it could be interesting to consider that the observed differences in cellular fusogenicity may be due to alterations in the interactions of the CTT with cellular cofactors. Indeed, arginine-mediated phosphate interactions have been demonstrated to be sensitive even to conservative substitutions by lysine (37) . The CTT has also been shown to interact with numerous cellular proteins (described in Refs. 7, 52, and 53), and most of these interactions occur through the LLP domains. As arginine has been shown to bind more avidly to phosphate than lysine (37), post-translational phosphorylation of cellular proteins interacting with the CTT (54) could allow their stable association with arginine-containing WT Env, but not with the mutated Env. As LLP2-mutated Env in the present study only impaired Env functions (incorporation and cell-to-cell fusion), in contrast to LLP1-mutated Env that demonstrated impaired expression, the current results suggest that the arginines in these two motifs are likely to be involved in independent protein-protein interactions. In this perspective, it is interesting to note that cellular proteins reported to interact with the CTT and involved in Env sorting interact through the LLP1 motif (reviewed in Ref. 53) , whereas previous studies have demonstrated that sequences in LLP2 are involved in interactions with the HIV matrix protein (55, 56) and that the CTT is required for Env virion incorporation in a cell-type dependent manner (57) . All together these observations suggest that impaired sorting of LLP1 mutants could potentially result in aberrant positioning of Env to the lysosomes, for example, concordant with the decreased Env expression both at the cell surface and in the cells, as detected by FACS, and consequently responsible for the decreased Env incorporation and virus infectivity. In support of this hypothesis, specific deletions in LLP1 have been shown to decrease Env protein stability and were suggested to be due to impaired interaction with cellular proteins (58) . Similarly, the presence of lysine in LLP2 could impair interaction of gp41 with viral partners such as Gag (55, 56) . Mutation of Gag has been shown to specifically decrease gp120 levels in virus particles without affecting gp41 (48) . In this study, the authors experimentally exclude gp120 shedding and discuss the possibility that Gag interaction with gp41 within an intracellular assembly compartment could stabilize the interaction between these two subunits. This interpretation is consistent with the greater decrease of gp120 relative to gp41 in mutated virus particles observed in our study. In accordance, the suggested impaired trafficking of the LLP1-mutated Env could also impair the Gag-Env interaction by limiting their interfacing during their trafficking toward the plasma membrane and would explain that LLP1-mutated virus particles also incorporate less gp120 relative to gp41. These possible mechanisms require further study.
In summary, the current study for the first time reveals a functional basis for the preferential incorporation and stringent conservation of arginine, relative to lysine, in the LLP1 and LLP2 domains of the HIV-1 CTT. In addition, these observations are consistent with our previous studies (29, 30, 32) in that the mutations differentially affect LLP1 and LLP2 functions. The data demonstrate conclusively the critical functional role of arginine, and more specifically the guanidinium moiety, in mediating CTT and Env functions. Further studies are required to assess the importance of these conserved LLP arginines in the interaction of the CTT with cellular and viral protein cofactors and to determine the impact of these interactions on Env functional properties.
